ABSTRACT
A cute ischemic stroke treatment is primarily focused on dissolving clots within the arterial tree by using thrombolytic agents administered intravenously or by endovascular techniques. Since the approval of IV tPA for thrombolysis, effort has been made to identify clot characteristics on imaging that predict recanalization with IV tPA. The "hyperattenuated" sign on NCCT is a marker of intracranial clot. [1] [2] [3] Its location (MCA versus Sylvian) plays an important role in determining clinical outcome. [4] [5] [6] [7] [8] In addition, the length of the hyperattenuated segment on NCCT, especially with ultrathin-section nonenhanced CT reconstructions, correlates with recanalization and good clinical outcome. 9, 10 Clot characteristics on CTA that predict recanalization include location and burden. [11] [12] [13] Residual flow on transcranial Doppler (TCD) is an imaging marker of recanalizing clot. 14, 15 Current evidence supports the role of early reperfusion in improving clinical outcome in patients with acute ischemic stroke. 16, 17 If clinicians are able to estimate early reperfusion rates with IV tPA, they can make decisions favoring rescue intra-arterial (IA) therapy in patients with a low likelihood of early reperfusion with IV tPA.
In this study, we report early reperfusion rates with IV tPA stratified by several clot characteristics measured on CTA. Using classification and regression tree analysis (CART), we then derived an algorithm to help clinicians estimate early reperfusion rates with IV tPA in patients with proximal clots. 18 
MATERIALS AND METHODS
Data are from patients presenting with acute ischemic stroke and proximal anterior circulation occlusions from the Calgary CTA data base (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) and the Keimyung Stroke Registry (2005) (2006) (2007) (2008) (2009) ). Details of both registries have been described in previous publications. 10, 19 Similarities and differences in baseline characteristics of patients in these registries are described in Table 1 .
Data from both registries were combined for the present analysis to have a sufficient sample size for robust statistical analyses and to increase the generalizability of results. All patients underwent an NCCT of the head at admission followed by CTA of the head and neck. Only patients who received IV tPA followed by a conventional cerebral angiography (DSA) for IA therapy were included in our study. Information on demographic and clinical characteristics was collected at baseline. Stroke severity was assessed by using the NIHSS at baseline, at discharge, and at 90 days. Functional status was assessed by using the mRS at similar timepoints. Interval times from stroke-symptom onset to presentation in the emergency department, imaging, thrombolysis, and endovascular procedures were also collected. The local ethics boards approved both studies.
Image Acquisition and Analysis
Standard nonhelical NCCT scanning was performed on a multisection scanner with a 5-mm section thickness. NCCT was followed by CTA with a helical scan technique. Coverage was from the arch to the vertex with continuous axial sections parallel to the orbitomeatal line of 0.625-to 1.25-mm section thickness. Acquisitions were obtained after a single bolus intravenous contrast injection of 70 -120 mL of nonionic contrast media into an antecubital vein at 3-5 mL/s, autotriggered by the appearance of contrast in a region of interest manually placed in the ascending aorta. Differences in protocol between the centers included the following: 1) the use of a scanner (HD75; GE Healthcare, Milwaukee, Wisconsin) versus a Somatom Sensation scanner (Siemens, Erlangen, Germany), and 2) CTA acquisition autotriggered by the appearance of contrast in the arch of the aorta versus the common carotid artery. Patients were taken to the angiography suite for revascularization after receiving IV tPA. The first angiogram of the ipsilesional arterial tree on DSA was used to identify early reperfusion with IV tPA. Baseline and follow-up imaging was analyzed at the imaging core lab of the Calgary Stroke Program. OsiriX, Version 4 (http://www.osirix-viewer.com) was used to reconstruct 2D multiplanar reconstruction images in axial, coronal, and sagittal planes by using 24-mm-thick slabs. An independent reader (M.A.) assessed reperfusion on the first DSA run and final angiography.
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Clot Characteristics
The following clot characteristics on baseline CTA were studied while the reader was blinded to conventional angiogram and clinical data.
Clot Location. Clot location was divided into 4 groups: carotid-T/-L, tandem (cervical ICA and M1 MCA occlusions with a patent intracranial ICA), M1 MCA, and proximal M2 MCA occlusions. M1 MCA was defined as a vessel extending from the ICA bifurcation to the origin of the first major branch in the Sylvian sulcus.
Clot Length. Clot length was measured on CTA by using 3-mm multiplanar reconstructions in the axial plane (Fig 1) . Whenever the proximal or distal end of clot could not be identified, clot length was imputed to 50 mm. This imputation happened most frequently with ICA clots in which the proximal end was in the neck. We chose 50 mm as our imputation value because no clots that were measurable had lengths of Ͼ50 mm. Our use of nonparametric statistics ensures that this imputation does not affect results. Residual Flow within the Clot. Residual flow within the clot has been described in the TCD literature but never before by using CTA. 14, 15 If we saw clearly visibly increased contrast attenuation through the clot compared with surrounding brain parenchyma, it was classified as the presence of residual flow (Fig 2) . Clots that are hyperattenuated on NCCT could have increased signal attenuation on CTA; we found no correlation between the presence of the hyperattenuated sign on NCCT and what we classified as residual flow on CTA source images (Fisher exact test; P value ϭ .76), thus suggesting that residual flow on CTA is not due to hyperattenuated clots on NCCT. We then graded residual flow within clot as follows-grade 0: clot with no contrast permeation and attenuation similar to that in surrounding brain parenchyma; grade I: clot appearing denser than surrounding brain parenchyma, with contrast potentially permeating through the clot; grade II: hairline or streak of well-defined contrast across the partial or complete length of the clot. Patients with intravascular nonocclusive thrombus on baseline CTA were considered as having early reperfusion at baseline and therefore excluded from analyses.
Clot Interface Ratio in Hounsfield Units. Residual flow within the clot may not always be visible to the naked eye due to partial volume effects on CTA. If, however, contrast signals at the proximal and distal clot interface (in an appropriate venous-weighted scan) are similar, the similarity is a potential marker of residual flow through the clot or of good collateral status. If contrast signal at the proximal end of the clot is high but drops at the distal end, it could mean no residual flow and/or poor collateral status. The presence of residual flow and/or good collaterals could be associated with increased reperfusion rates with IV tPA. To test this hypothesis, we calculated the clot interface ratio in Hounsfield units (cirHU) by dividing the proximal clot interface Hounsfield units by the distal clot interface Hounsfield units (Fig 3) . CirHU was not calculated whenever proximal or distal clot interface Hounsfield units could not be measured. We decided to exclude from analyses CTAs that were very early arterial weighted (preclot Hounsfield units Ͻ150 and greater than Hounsfield units at the torcula) because this would affect the validity of our assumptions on cirHU being a marker of residual flow and/or good collaterals.
Distance from the M1 MCA Origin to the Proximal Clot Interface. For M1 MCA occlusions, we studied an additional clot characteristic by measuring the distance from the M1 MCA origin to the proximal clot interface. 20, 21 Distal M1 MCA clots may be exposed to more shear stress at the proximal clot interface due to patent flow in the lenticulostriate arteries compared with proximal clots. Additionally, distal M1 clots are potentially smaller than proximal clots. Smaller clots with more shear stress at the clot interface may lyse more with IV tPA.
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Early Reperfusion All past and current literature reports recanalization/reperfusion with IV tPA by using either TCD Thrombolysis in Brain Infarction grades or Thrombolysis in Myocardial Infarction grades. 11, 14, 15 We, therefore, chose to use TICI 2a/2b/3 on the first angiogram of the ipsilesional arterial tree on DSA as our primary measure of reperfusion; this grade is comparable with Thrombolysis in Myocardial Infarction 2 and will therefore give readers an ability to compare the rates we report with those in previous literature. Nonetheless, we also reported reperfusion rates measured as TICI 2b/3 as a secondary outcome measure and performed sensitivity analyses with this latter outcome.
Statistical Analyses
Categoric data are reported by using proportions, ordinal data, and continuous data, with a skewed distribution by using medians and continuous data with a normal distribution by using means. Because the proximal or distal end of the clot was not identified in some patients, an arbitrary value of Ͼ50 mm was assigned to such patients. Our choice of nonparametric statistics based on ranks for this variable ensured that this imputation did not affect results. Association between clot characteristics and early reperfusion (TICI 2a to 3) was studied by using the Fisher exact test of proportions for categoric data and the Wilcoxon rank sum test for nonparametric data. In addition, we did 3 sensitivity analyses: 1) analyses restricted to M1 MCA occlusions with reperfusion defined as TICI 2a-3; and 2) analyses of the whole sample with reperfusion defined as TICI 2b/3; and finally 3) similar analyses restricted to each of the 2 populations (ie, the Calgary and the Keimyung data) in our sample. A 2-sided ␣ Ͻ .05 was considered statistically significant. These analyses were performed by using STATA/SE 12.1 software (StataCorp, College Station, Texas).
We then used a recursive partitioning classification and a regression tree (CART , Fig 4) to model the relationship between early reperfusion and various clot characteristics. CART is a distribution-free regression method that builds a tree by recursively partitioning the data into increasingly homogeneous subgroups to maximize the explained variance within each subgroup. At each stage (node), the CART algorithm selects the explanatory variable and splitting value that gives the best discrimination between 2 outcome classes. A full CART algorithm adds nodes until they are homogeneous or contain few observations. Our use of CART as a model-building strategy helped us explore the rich nonlinear interactions between various clot characteristics, determine collinearity, and predict early reperfusion while deriving estimates of reperfusion. 18 Predictor variables included resid- ual flow (grades 1-2 versus 0), clot length (Յ15 mm versus Ͼ15 mm), cirHU (Ն2 versus Ͻ2), and distance from the M1 MCA origin to the proximal clot interface (Յ10 mm versus Ͼ10 mm; all patients with ICA occlusions had length imputed to 0). We restricted the model to include only patients with ICA, tandem, and M1 MCA occlusions. This was deliberate because in this population of patients with proximal occlusions, a decision analysis model helps clinicians decide if early reperfusion with IV tPA is so low that rescue IA therapy may be worthwhile. This part of the analysis was performed by using R statistical computing software, Version 3.0.1 (http://www.r-project.org). The ANOVA method was chosen so that the nodes would be reported as the proportion of recanalization in each subgroup. Early reperfusion rates, including 95% confidence intervals, were calculated for each of the nodes after the final model was determined. Two readers (S.M.M. and M.E.) assessed all clot characteristics blinded to all follow-up data. Interrater reliability for each clot characteristic and for TICI on the first angiogram of the ipsilesional arterial tree on DSA is reported in 30 patients by using an unweighted and was interpreted as per the Landis and Koch template.
RESULTS
We identified 228 patients (50.4% men; median age, 69 years; median baseline NIHSS score, 17) who fulfilled the inclusion criteria. Median symptom onset to IV tPA time was 120 minutes (interquartile range [IQR] ϭ 70 minutes); median IV tPA to first angiography time was 70.5 minutes (IQR ϭ 62 minutes). Baseline demographics and clot characteristics by center are described in Table 1 . Early reperfusion rates with IV tPA, final reperfusion rates after IA therapy, and final clinical outcome are reported in Fig 5. 
Primary Analysis
In analyses defining early reperfusion as TICI 2a/2b/3, median clot length in the early reperfusers was 19 mm (IQR ϭ 12.9 mm) compared with the nonreperfusers (34.9 mm, IQR ϭ 30.7 mm, P Ͻ .001). Residual flow was present in 39/228 (17.1%) patients. Early reperfusion was seen in 27/189 (14.3%) patients without any residual flow (grade 0), in 13/30 (43.3%) patients with grade 1 residual flow, and in 7/9 (77.8%) patients with grade 2 residual flow (P Ͻ .001). CirHU could be measured in 165/228 (72.4%) patients. Median cirHU in the early reperfusers was 1.48 (IQR ϭ 0.64) compared with the nonreperfusers (1.88, IQR ϭ 1.41, P Ͻ .01). In patients with a cirHU Ͻ 2, early reperfusion was seen in 37/101 (36.6%) compared with 9/64 (14.1%) with cirHU Ն 2 (P Ͻ .01).
Sensitivity Analyses Restricted to M1 MCA Occlusions
We identified 117 patients with M1 MCA occlusion. Residual flow was present in 28/117 (23.9%) patients. Early reperfusion (TICI 2a/2b/3) was seen in 15/91 (16.5%) patients without any residual flow at the site of the clot (grade 0), in 10/21 (47.6%) patients with grade 1 residual flow, and in 3/5 (60%) patients with grade 2 residual flow (P ϭ .002). Median clot length in the early reperfusers was 17.1 mm (IQR ϭ 14.8 mm) compared with the nonreperfusers (22.7 mm, IQR ϭ 19.3, P ϭ .01). cirHU could be measured in 116/117 patients. Median cirHU in the early reperfusers was 1.53 (IQR ϭ 6.5) compared with the nonreperfusers (2.05 mm, IQR ϭ 1.5, P Ͻ .01). In patients with a cirHU Ͻ 2, early reperfusion was seen in 23/66 (34.8%) compared with 5/50 (10%) patients with cirHU Ն 2 (P ϭ .002). Median M1 origin to proximal clot interface distance in the early reperfusers was 13.4 mm (IQR ϭ 10.95 mm) compared with 9.3 mm (IQR ϭ 7.7 mm) in the nonreperfusers (P ϭ .001). When clots were located Ͼ10 mm from the M1 MCA origin, 20/60 (33.3%) showed early reperfusion compared with 8/57 (14%) in clots that were Յ10 mm from the M1 MCA origin (P ϭ .01).
Sensitivity Analyses Defining Early Reperfusion as TICI 2b/3
Early reperfusion on the first angiography run was seen in 1/61 (1.6%) of "T/L" type occlusions, in 3/14 (21.4%) of tandem occlusions, in 14/117 (12%) of M1 MCA occlusions, and in 5/36 (14%) of M2 MCA occlusions (P ϭ .02). Early reperfusion (TICI 2b/3) was seen in 7/189 (3.7%) patients without any residual flow at the site of the clot (grade 0), in 11/30 (36.7%) patients with grade 1 residual flow, and in 5/9 (55.5%) patients with grade 2 residual flow (P Ͻ .001). Median clot length in the early reperfusers was 14.6 mm (IQR ϭ 13.8 mm) compared with the nonreperfusers (32 mm, IQR ϭ 30.9 mm, P Ͻ .001). In patients with a cirHU Ͻ 2, early reperfusion was seen in 21/101 (20.8%) compared with 1/64 (1.6%) patients with cirHU Ն 2 (P Ͻ .001).
CART Model
When using recursive partitioning (CART) and restricting the analyses to patients with ICA and M1 occlusions only, residual flow within the clot (grades 1-2) was the most discriminative predictor of early reperfusion (TICI 2a-3) followed by clot location, length, distance from M1 origin, and cirHU. In patients with residual flow, 16/34 (47.1%) reperfused compared with 17/158 (10.8%) without residual flow. Among patients with clots having residual flow, those with a shorter clot length (Յ15 mm) had a 70.6% rate of early reperfusion compared those with longer clots (Ͼ15 mm) with 23.5% early reperfusion. When residual flow was absent, 1.7% of patients with a carotid-T/-L occlusion reperfused early compared with 16.3% of patients with tandem or M1 MCA clots. Of patients without residual flow with tandem/M1 occlusions, if the distance of the clot from the M1 MCA origin was Յ10 mm, 8% of patients reperfused early compared with a 25% early reperfusion rate in patients with clots Ͼ10 mm from the M1 MCA origin. Last, in those patients with clots Ͼ10 mm from the M1 MCA origin, early reperfusion was seen in 36.8% of patients with cirHU Ͻ 2 compared with 17.2% in patients with cirHU Ն 2. The decision tree derived from recursive portioning along with 95% confidence intervals around estimates of early reperfusion is shown in Fig 4. Finally, in sensitivity analyses restricted to the Calgary and Keimyung populations, we did not notice any differential effect of clot characteristics on early reperfusion rates (data not shown). Interrater reliability for all clot characteristics and for TICI on the first DSA was substantial (Table 2) .
DISCUSSION
In the largest sample to date, we show that clot characteristics on baseline CTA, including location, length, residual flow, and blood flow around the clot (cirHU), can be used to estimate early reperfusion rates with IV tPA (Fig 4) . We also show the generalizability of our results by their applicability in 2 different populations. Our results will inform trialists and physicians of patients who could reperfuse early with IV tPA and those who are more likely to require additional IA therapy to achieve early reperfusion.
Our data show that reperfusion rates with IV tPA are lower when clots are longer. This effect of clot length on lysis has been corroborated by previous studies by using other imaging modalities, including NCCT. 3, 9 Furthermore, by using CART, we are able to show that early reperfusion with IV tPA is highest in clots having residual flow that are, in addition, short. Residual flow within a clot is associated with less tissue damage in coronary angiography and higher rates of arterial recanalization in patients with stroke by using TCD with IV tPA. 14, 23 Residual flow within the clot could be a surrogate for intrinsic clot properties (porous versus impermeable). 22, 24 Our study, for the first time, describes a potential imaging marker on CTA for residual flow within a clot. The lack of any significant association between residual flow on CTA and the hyperattenuated sign on NCCT suggests that residual flow grade was not influenced by intrinsic clot attenuation in our study. 24, 25 In vitro studies show that clot lysis increases if more clot surface is exposed to blood. 22 Our study uses a novel measure (cirHU) for the extent of blood flow around the clot. CirHU is a marker of good collateral flow and/or residual flow through the clot. It helps in further discrimination of early reperfusion rates (Fig 4) . We also confirm a previously reported association between early recanalization and the distance of the clot from the M1 MCA origin. 20, 21 Our study has limitations. We restricted our analysis of early reperfusion rates with IV tPA to baseline CTA characteristics. Nonetheless, no relationship between hyperdense sign on NCCT and residual flow on CTA in our data attests to the fact that these imaging modalities measure very different clot qualities. Moreover, detailed analysis of clot characteristics on NCCT requires thin sections to which we did not have access. 3 We could not directly measure residual flow within the clot by using another imaging technique like TCD because of the retrospective nature of our study; nonetheless, we show that the imaging marker we propose for residual flow correlates with early reperfusion rates with IV tPA, thus providing a measure of construct validity for our hypothesis. Because we only included patients who were taken to the angiography suite for IA thrombolysis, a selection bias toward patients with larger clots and more severe ischemia is possible in our sample. Finally, our sample includes patients from 2 different centers, one of which is predominantly East Asian. This latter population is known to have higher rates of intracranial atherosclerosis. Besides, differences in CT scanning equipment and acquisition protocol (autotriggering) between the 2 centers could explain the differences in some baseline CTA imaging measures (Table 1) . Nonetheless by including data from both centers, we are able to increase our sample size and the generalizability of our findings.
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CONCLUSIONS
Our results and the decision analysis (CART) algorithm we describe in Fig 4 need to be validated in a larger prospective cohort of patients. Such a predictive model of early reperfusion by using baseline imaging could help clinical decision-making when administering IV tPA and IA therapy in addition to being used in the targeted design of clinical trials in patients with acute ischemic stroke. 
